Dehydration amounting to about 10% of body weight was induced in adult male rats by exposure to a hot, dry environment (D.B.T., 36°C; R.H., 20%) over 6 to 8 hr. The volumes of total water (TW), extracellular fluid (ECF), and plasma (PV) were determined both on individual tissues and on the whole body using the constant dry weight as well as 51Cr-EDTA and 1251-RIHSA dilution methods. Total body water (TBW), intracellular (ICF), and interstitial (ISF) fluid volumes were calculated from these data. The 10% loss of body weight caused a decrease in TBW by 17 % from the control value; 41 % of this loss was from ICF, 47 % from ISF, and 12% from PV. The decrease of ISF was proportional to that of PV and the water loss from ICF was caused by an increase in plasma osmolality. As to the water loss from organs, 40% of the whole body water loss came from muscle, 30 % from skin, 14 % from bone, and 14 from viscera. The G.I. tract had the highest tendency to lose water while the brain and liver showed the least. These findings suggest that under heat-induced dehydration, both the extra-and intracellular fluid compartments of muscle and skin play an important role in the compensation of water loss and in the maintenance of circulation to the brain and liver.
In response to heat stress, body temperature is regulated by increased convective heat loss through the redistribution of circulating blood from visceral organs to the skin and by evaporative cooling via sweating in human beings, panting in dogs, or saliva spreading in rats. Both of these responses threaten cardiac function so that in extreme dehydration circulatory failure may ensue (MIKI et al., 1983a) . It has been suggested that regulatory responses to dehydration in the form of increased water retaining capacity of the vascular system (MIKI et al., 1983b ) and a fluid shift from the intracellular (ICF) as well as interstitial fluid (ISF) take place (WALLACE et al., 1970; MORIMOTO et al., 1981b) . In their experiments, changes in Na or Cl concentration were used as an index of extracellular fluid volume (ECF) based on the assumption that during dehydration the movement of electrolytes between fluid compartments is negligible. The aim of the present study is to measure the amount of water loss from each body fluid compartment and selected organs using more direct methods, and to identify the organs which partake in buffering water loss during thermal dehydration.
METHODS
Two groups of seven male Wistar rats weighing 200-460 g were used in both control and dehydration experiments. The mean body weight of the two groups was nearly equal. Rats had free access to food and water until the commencement of experimentations. Dehydration was carried out in a thermostatically controlled box (Tabai Co., convection-oven, LC-110) maintained at 36°C dry bulb temperature and 20 % relative humidity. The colonic temperature rose to 40-41°C within 30 min after the exposure to this environment, and the water loss was 1-2 % of body weight per hour. When 10 % of body weight was lost after 6-8 hr of heat exposure, rats were removed from the box and allowed to regain their normal colonic temperature (37-38°C) for 30 min. Then, each animal was anesthetized with 5.0 mg/100 g of pentobarbital (adjusted according to body weight) administered intraperitoneally. The right jugular vein was cannulated using a fine bore catheter and bilateral renal arteries and veins were ligated to avoid the loss of 51Cr-EDTA into urine. After injecting 5 ,uCi of 51Cr-EDTA through the catheter and waiting 50 min for equilibrium, 3 µCi of 125I-RIHSA were given. After 10 min, 1 ml of blood was obtained through the jugular catheter, and the rat was sacrificed with the injection of 0.2 ml saturated KCl solution through the catheter. The sampled blood was used to determine the volumes of plasma and ECF, plasma osmolality (Vogel Co.), hematocrit and protein concentration by refractometry. Pieces (0.5-1 g) of skin including hair, subcutaneous fat, muscle, brain, testis, heart, lung, G.I. tract, and bone were sampled to determine their volumes of fluid spaces. The method was essentially the same as that of LARSSON et al. (1980) . The tissue specimens were immediately weighed wet and thereafter counted in a gamma scintillation detector. The following formula was used to calculate the fluid spaces of the tissues:
where Vt is the volume of distribution of the tracer (1251-RIHSA or 51Cr-EDTA) in the tissue (ml/g), Ct is the concentration of the tracer in the whole tissue (,uCi/g), and Cp is its concentration in plasma (µCi/ml). Tissue water content was determined by drying tissue at 105°C to a constant weight for about 24 hr. Intracellular and interstitial fluid volumes were calculated from these data. Skeletal muscle was sampled from three parts of the body: thigh, abdomen, and back; the G.I. tract was sampled from the stomach, small intestine, and large intestine. In this study, the mean values of determinations on the respective muscle and G.I. tissues are used.
In the control group, the residual carcass was dissected into the following organs : skin, subcutaneous fat, muscle, bone, and viscera, and each total wet weight was measured. Viscera included thoracic and abdominal viscera (liver and G.I. tract), testis, and brain. Bone included bone marrow, spinal cord, the remainder of tendon, and minute fragments of adhering muscle. The total dry weight of each organ (Wd) was calculated as follows :
where W. is the total wet weight of each organ, and Wd and W. are dry and wet weights determined previously on pieces of each tissue. Table 1 shows the changes in fluid volume and blood properties caused by the dehydration. After dehydration the plasma volume was decreased to 60 % and extracellular fluid volume to 72 % of the control value, respectively. Due to the dehydration, relative to control values the plasma protein concentration was increased by 40%, hematocrit by 20%, and plasma osmolality by 6.2%. The plasma protein mass calculated from the plasma volume and plasma protein concentration was unchanged, whereas osmotically active substances in the plasma calculated from plasma volume and plasma osmolality were decreased significantly to 68 of the control value.
RESULTS

Blood properties
Fluid volume changes of individual tissues
Tables 2 and 3 present the analytical data which serve as a basis for further Table 1 . Blood properties.
(`nntrnl (n=71 calculations. Table 2 shows the volume of fluid compartments per dry weight (g) in individual tissues. Note that the skin contains 60% of its total water content as extracellular fluid; in comparison the brain has almost no extracellular fluid. Other tissues have 15-30% of their total water as extracellular fluid and the rest as intracellular fluid. Analyzing extracellular fluid volume more precisely, the liver has about 80% of it as plasma and 20% as interstitial fluid, while in other tissues 2-40 % is found as plasma volume. Table 3 shows the fluid volume in individual tissues after dehydration. The dehydration caused decreases of total water by 31 % in the G.I. tract, by 27% in skin, by 20% in bone, and by 14 in muscle compared with the control value. On the other hand, the brain maintained its total water content unchanged. Plasma volume was decreased by 30-50% and interstitial fluid volume by 20-40% of the control values in almost all tissues. However, in the brain and liver, plasma volume and interstitial fluid volume remained unchanged. Intracellular fluid volume was significantly decreased in G.I. tract by 31 %, in liver by 14%, and in muscle by 10% of the control, Japanese Journal of Physiology respectively. Statistically significant differences were not found in the other tissues.
Dry weight of each organ Table 4 shows the dry weight of each organ per 100 g of body weight. The total dry weight of whole body was 38.8± 1.3 g per 100 g of body weight, of which 27.7% represented muscle, 22.0% bone, 22.0% fat, and 21.5% skin. Figure 1 represents the fluid volume per 100 g of body weight determined on the whole body and the individual tissues with respect to their fluid compartments. The fluid volume of each organ was calculated by the following equation, using the data of the individual tissues shown in Tables 2, 3, and 4:
Distribution of water loss among tissues
(VC or VD) = wd x (Vc or VD) , where VC and VD are the total volumes of ICF or ECF of each organ (ml/ 100 g Vol. 33, No. 6, 1983 body weight) in the control and dehydrated groups, respectively. Wd denotes the mean value of total dry weight of each organ represented in Table 4 (dry weight (g)/ 100 g body weight), and Vc and VD stand for the volumes of ECF or ICF (ml/dry weight (g)) of each tissue in the control and dehydrated groups, respectively. The calculation was based on the assumption that no change of solid weight would occur during dehydration (LEWIS et al., 1960; WALLACE et al., 1970) .
In the control group, the volume of extracellular space in the whole body was 22.3+0.8 ml/ 100 g of body weight, of which 8.1+0.4 ml was contained in skin, 6.0+0.3 ml in muscle, 3.2+0.3 ml in bone, and 2.6+0.1 ml in viscera. The volume of intracellular fluid in the whole body was 38.9+1.6 ml/ 100 g of body weight, of which 23.7±0.9 ml was contained in muscle, 5.9±0.3 ml in viscera, 4.4±0.4 ml in bone, and 4.0±0.5 ml in skin. After dehydration, total body water was decreased by 10.5 ml/ 100 g of body weight, of which 6.2 ml was derived from extracellular space and 4.3 ml from intracellular space.
DISCUSSION
The only available report concerning the distribution of water loss among tissues during thermal dehydration is that by WALLACE et al. (1970) . In their study, the distribution of chloride was used to calculate water loss from each tissue. In the present study, using tracers currently available to determine fluid compartments, the distribution of heat-induced water loss among tissues and also among fluid compartments in each tissue was studied. The volumes of fluid compartments per dry weight (g) determined on individual tissues of control rats showed a good coincidence with other reports (DITTMER, 1961; HIGAKI and FUJIMOTO, 1969; LARSSON et al., 1980) . Differences of ECF volume in individual tissues could be attributed to variation in the amount of connective tissue (GUYTON et al., 1975) . Skin possesses a large amount of connective tissue, whereas the brain has little. The finding that the liver had about 80% of ECF space as '25I-RIHSA space might be due to the characteristics of its vascular wall which has high permeability to plasma protein (LAINE et al., 1979) . Figure 2 summarizes the data given in Tables 2 and 3 , and shows the volume changes due to heat stress as the percent change of the mean values of the control group (d VShift). The following formula was used for the calculation : where VD is the volume of TW, ECF, ICF, or plasma (ml/dry weight (g)) of each tissue determined on the dehydrated rats, and Vc denotes their mean values of the control group. Water loss from muscle was similar to other nonspecific tissues, while water loss from liver, brain, and G.I. tract was different. The changes of fluid volume in the liver was significantly smaller than the value for the whole body especially in its extracellular fluid volume (P<0.05); this is true also for the brain in its intracellular fluid volume (P<0.01). On the contrary, the G.I. tract tender to lose more water especially from the intracellular fluid space (P<0JJ5) than th other tissues studied. Concerning the fluid loss from the whole body, due to th heat-induced dehydration, the water loss from extracellular fluid space amountec to about 28 % of the control value, while the loss from intracellular fluid 'spac was only 13 %. This tendency was observed in all individual tissues except th liver, brain, and G.I. tract.
HAMILTON and SCHWARTZ (1935) exposed dogs to dehydration for a perioc of 2 to 7 days at room temperature and found water loss amounting to 10-15 of body weight. Water loss was about 35 % from muscle and 43 % from skin whereas the brain and the liver lost water only by 12-14% of the control value WALLACE et al. (1970) obtained similar results on rats exposed to rapid therma dehydration. ARIEFF et al. (1977) showed that when plasma osmolality was ele vated due to an increased concentration of certain endogenous substances (urea Na, glucose), the brain, after an initial period of disequilibrium, was able tc maintain its intracellular volume intact. They attributed this ability of brain tc the presence of osmotically active substances which appeared after 1-4 hr o: hyperosmolality. How the liver is able to maintain its extracellular fluid volume Vol. 33, No. 6, 1983 constant during dehydration is not as yet known. Perhaps this property arises from the fact that the vascular compliance of the liver is 5-10 times larger than other tissues (GREENWAY, 1981) and that the liver has hepatic sphincters as an outflow resistance for regulating its blood volume (KNISELY et a!.,1957; MITZNER, 1974) . The higher tendency to lose water by the G.I. tract had been reported earlier by WALLACE et al. (1970) ; they found that the G.I. tract lost five times as much water as the liver. The mechanism of the high rate of water loss from the G.I. tract during dehydration is unknown so far. The experiments performed by BINDSLEV and SKADHAUGE (197la, b) showed that in the dehydrated fowl the permeability coefficient of water determined on the coprodeum and large intestine was twice as great as that in the normal bird and that the solute-linked water flow occurring in the absence of an osmolality difference across the epithelium was 1.1 and 1.5 µl H2O/µEq Na in normal birds and in dehydrated birds (BINDSLEV and SKADHAUGE, 1971a, b) . Such changes in the large intestine of dehydrated fowls result in a higher osmolality of intestinal fluid by up to 180 mOsm than plasma, while in control birds the difference is only 100 mOsm. Evidence of this osmoregulatory mechanism in the G.I. tract of mammals has also been reported. SKADHAUGE and MALOIY (1978) reported that in East African herbivores, the water content in faeces was low and reduced further in the dehydrated state. They have suggested the importance of hormonal effects on sodium transport of the colon epithelium and noted the increase in plasma osmolality for explaining this phenomenon. The mechanism for the decrease of ISF being proportional to that of plasma volume can be sufficiently explained by the findings from a series of experiments performed in our laboratory (TANAKA, 1979; M0RIM0T0 et al., 1981a; IsoGAI et al., 1983) . Fluid movement between intra-and extravascular space essentially follows Starling force, and the fluid distribution between each space at equilibrium state being determined by the difference of compliances and hydrostatic and colloid osmotic pressures of each space. Under heat stress, the compliance of the interstitial space decreases; the decrease is advantageous for the fluid shift from extravascular to intravascular space in this condition (MIKI et al., 1983b) . The increase in serum osmolality accounts for 50% of the decrease of intracellular fluid volume in all tissues other than brain and G.I. tract when the constancy of electrolyte content in the intracellular fluid compartment under dehydration is assumed. The amount of osmotically active substances determined on the whole body, assuming that the plasma osmolality is equal to that of total body fluid, was decreased by 12% from the control value following dehydration. WALLACE et al. (1970) reported that the electrolyte content in muscle was significantly decreased by 11 % of the control level after dehydration of 10% of body weight. In one of our experiments exposing men to a rapid thermal dehydration amounting to 3.4% of body weight resulted in 4.2% of osmotically active substances being excreted in the sweat (66%) and urine (34%) so that osmolality of the body fluid was increased by only 2 % of the control (M0RIM0T0 et a1.,1981b , These results suggest that rats under dehydration might excrete not only wate but also osmotically active substances through the kidney or salivary gland t• prevent an excessive rise of osmolality of body fluid and a loss of intracellula fluid. Figure 3 summarizes the result and shows the distribution of water losse among organs (4Vi0 ). The following formula was used for the calculation: d V1OSS=(Vn-Vc)/4TBW x 100 (%) where J and VD are the mean values of ISF, ICF, or plasma volume determine on each organ (Fig. 1) in the control and dehydrated groups, respectively, 4TBV denotes the volume of total body water lost during the dehydration. Fourty pe cent of the lost water was derived from muscle, 30 % from skin, 14 % from born and 14% from viscera. As to the water loss from fluid compartments, 46.5; of the lost water came from interstitial fluid space, 41.1 % from intracellular flui space, and 12.3 % from plasma. Of the lost water from interstitial fluid volumE 40 % was attributed to skin, 31 % to muscle, 18 % to bone, and 4 % to viscera while 51 % of the intracellular fluid volume lost was drained from muscle, 21 % fror skin, 22 % from viscera, and 10 % from bone. Concerning the decrease of plasm volume, 40 % of it came from viscera, 35 % from bone, 12 % from muscle, and 11 from skin. There has been very little other information regarding water deficit in tissues during dehydration. WALLACE et al. (1970) showed that 59 % of th Vol. 33, No. 6, 1983 Fig. 3 . Distribution of water losses among organs. total body water lost in the dehydration.
The volumes are shown as of the lost water came from muscle and bone, 21.5% from viscera, and 19.5% from skin due to dehydration to 10% of body weight. Their value for skin was slightly lower than the present one and that for viscera was a little higher. This difference might be attributed to the difference in time allowed for equilibration after dehydration. In this experiment, the volume of each fluid compartment was measured 2 hr after the end of the dehydration procedure. In summary, it was observed that the extracellular and also the intracellular fluid spaces of the muscle and skin had an important role in compensating water loss and maintaining circulating blood volume, especially with respect to the brain and liver.
